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Research MotivationResearch Motivation

1.1. “…“…field observations to determine spatially distributed model parametersfield observations to determine spatially distributed model parameters
have been sparse and inadequate due to limitations in the ability tohave been sparse and inadequate due to limitations in the ability to
characterize large domains of heterogeneous subsurface materials and thecharacterize large domains of heterogeneous subsurface materials and the
mismatch in small-scale observations and their representation at largermismatch in small-scale observations and their representation at larger
modeling scales.modeling scales.”” U.S. Dept. of Energy U.S. Dept. of Energy

2.2. Conventional modeling approaches that rely on these sparse data setsConventional modeling approaches that rely on these sparse data sets
typically do not successfully predict long-term plume behavior withtypically do not successfully predict long-term plume behavior with
sufficient accuracy to guide remediation strategies.sufficient accuracy to guide remediation strategies.
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Research HypothesisResearch Hypothesis
Improved prediction of contaminant transport can be achievedImproved prediction of contaminant transport can be achieved
using a dual-domain transport approach driven by integration ofusing a dual-domain transport approach driven by integration of
hydrogeophysicalhydrogeophysical and  and hydrogeologicalhydrogeological parameter estimation parameter estimation
and and upscalingupscaling

Research ObjectivesResearch Objectives

1.1. Develop dual-domain modeling approach that relies on field-Develop dual-domain modeling approach that relies on field-
measurable attributes (incorporate the primary interactions betweenmeasurable attributes (incorporate the primary interactions between
mobile and immobile transport regions that play an important role inmobile and immobile transport regions that play an important role in
long-term plume behavior)long-term plume behavior)

2.2. Develop Develop faciesfacies-based multi-scale field characterization approach-based multi-scale field characterization approach
incorporating geophysical logs, incorporating geophysical logs, crossholecrosshole, and surface, and surface
characterization with characterization with hydrogeologichydrogeologic estimation of hydraulic estimation of hydraulic
conductivityconductivity

3.3. Evaluate the combined methodologies (i.e., data integration andEvaluate the combined methodologies (i.e., data integration and
dual-domain modeling) by applying the process to prediction ofdual-domain modeling) by applying the process to prediction of
plume behavior at SRS P-Areaplume behavior at SRS P-Area
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Research ComponentsResearch Components

Multi-parameter, multi-scale field investigationsMulti-parameter, multi-scale field investigations

Stochastic data integration and parameter Stochastic data integration and parameter upscalingupscaling

Dual-domain transport modelingDual-domain transport modeling

Crosshole Crosshole 

DataData

Surface Surface 

DataData

Conductivity (ohmConductivity (ohm --m)m)PP--Wave Velocity (m/s)Wave Velocity (m/s)

FaciesFacies--Specific RelationshipsSpecific Relationships

True Volume FractionTrue Volume Fraction

Estimated Volume Fraction (mean)Estimated Volume Fraction (mean)
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Study Site  - SRS P-AreaStudy Site  - SRS P-Area

Area of investigationArea of investigation

Several plumes have been identified at thisSeveral plumes have been identified at this
site; the plume of interest is asite; the plume of interest is a
trichloroethylene (TCE) plume thattrichloroethylene (TCE) plume that
emanates from the northwest section of theemanates from the northwest section of the
reactor facility and discharges to nearby Steelreactor facility and discharges to nearby Steel
CreekCreek
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Subsurface Characteristics of Study SiteSubsurface Characteristics of Study Site

Two lithofacies system – sand and clay
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Field/Subsurface Data Types and Spatial ScalesField/Subsurface Data Types and Spatial Scales
Small-Scale Borehole DataSmall-Scale Borehole Data  –– e.g., core data, geophysical logs, and e.g., core data, geophysical logs, and

  flowmeterflowmeter data data

POS-1

200

210

220

230

240

250

260

270

280

0 5 10

Ki/Kavg

E
le

va
tio

n
 (

ft
-m

sl
)

POS-1

Screen / Avg K

Mud level

Dynamic Flow in POS-1

200

210

220

230

240

250

260

270

280

-16 -11 -6 -1 4

L/min

E
le

va
tio

n

Total Flow - Down

Total Flow - Up

Total Flow - Down2

Incremental Flow - Up

Incremental Flow - Down

Screen

Pre-test water level

Relative K Profile

 Bulk properties Bulk properties

 Permeability Permeability

 Particle size Particle size

 Dry sieve analyses Dry sieve analyses

 Core description Core description



April 9, 2008

Intermediate-Scale Intermediate-Scale CrossholeCrosshole Data Data  –– e.g.,  e.g., tomographictomographic radar, radar,
                                        seismic, and electrical resistivity data                                        seismic, and electrical resistivity data

Field/Subsurface Data Types and Spatial ScalesField/Subsurface Data Types and Spatial Scales
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Large-Scale Surface-Based DataLarge-Scale Surface-Based Data  –– e.g., GPR, electrical   e.g., GPR, electrical  
                                                       resistivity, and seismic data                                                       resistivity, and seismic data

Field/Subsurface Data Types and Spatial ScalesField/Subsurface Data Types and Spatial Scales

Locations of GPRLocations of GPR
and ERT Surveysand ERT Surveys
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GPR and ERT Data SetsGPR and ERT Data Sets

100 MHz GPR reflection section100 MHz GPR reflection section

CPT-L1

ERT profileERT profile
using theusing the
WennerWenner array array
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Pseudo 3D Surface Seismic Reflection SurveyPseudo 3D Surface Seismic Reflection Survey
Survey area = 34 m X 170 mSurvey area = 34 m X 170 m

2906 shot points2906 shot points

Group spacing = 1 mGroup spacing = 1 m

Line spacing = 2 mLine spacing = 2 m

Sample rate = 0.5 msSample rate = 0.5 ms

Record length = 500 msRecord length = 500 ms

Target depth = 35 mTarget depth = 35 m

Accelerated hydraulic weightAccelerated hydraulic weight
drop system used for seismicdrop system used for seismic
source, flags are locations ofsource, flags are locations of
receiversreceivers

Resulting data processed as 3D cubeResulting data processed as 3D cube

Provides 3D perspective on conceptual site model developed fromProvides 3D perspective on conceptual site model developed from
borehole databorehole data
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Pseudo 3D Surface Seismic Reflection SurveyPseudo 3D Surface Seismic Reflection Survey

Map view of seismic surveyMap view of seismic survey
layout layout –– 17  17 inlinesinlines and 86 and 86
crosslinescrosslines

Blue horizon = top of upper clayBlue horizon = top of upper clay
Green horizon = top of middle clayGreen horizon = top of middle clay
Yellow horizon = top of lower clayYellow horizon = top of lower clay
Cyan = channel featureCyan = channel feature
Red = channel featureRed = channel feature

Shows two prominent channel features; one has incised down through the upperShows two prominent channel features; one has incised down through the upper
and middle clays; one has cut into sand unit below the lower clayand middle clays; one has cut into sand unit below the lower clay
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Pseudo 3D Surface Seismic Reflection SurveyPseudo 3D Surface Seismic Reflection Survey

Depth, mDepth, m
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HydrogeologicHydrogeologic / Hydrologic Data / Hydrologic Data
(Multiple Scales)(Multiple Scales)

   Single borehole conductivity (i.e., slug) tests (small-scale)   Single borehole conductivity (i.e., slug) tests (small-scale)
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Electromagnetic borehole Electromagnetic borehole flowmeterflowmeter tests (small-scale) tests (small-scale)

HydrogeologicHydrogeologic / Hydrologic Data / Hydrologic Data
(Multiple Scales)(Multiple Scales)
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   Falling head permeability tests (small-scale)   Falling head permeability tests (small-scale)

   Multi-well aquifer pumping tests (intermediate-scale)   Multi-well aquifer pumping tests (intermediate-scale)
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Summary of Characterization FindingsSummary of Characterization Findings

+ + Six sand and clay layers of interest below the water tableSix sand and clay layers of interest below the water table

++ Bulk of TCE appears to be located in the Middle SandBulk of TCE appears to be located in the Middle Sand
(TCE also occurs below Middle Clay in some areas)(TCE also occurs below Middle Clay in some areas)

++ Surface seismic indicates discontinuities in upper andSurface seismic indicates discontinuities in upper and
middle clay units within the study areamiddle clay units within the study area

++ CrossholeCrosshole tomography between POS wells shows tomography between POS wells shows
intermediate-scale variations in intermediate-scale variations in lithologylithology

+/-  Preliminary hydraulic conductivity estimates are+/-  Preliminary hydraulic conductivity estimates are
revealing but suspect due to well completion issuesrevealing but suspect due to well completion issues

-- Spatial extent of Spatial extent of crossholecrosshole data is limited data is limited

-- Surface GPR is attenuated by claysSurface GPR is attenuated by clays

-- Groundwater level data are Groundwater level data are ““interestinginteresting”” but measuring but measuring
point elevations need to be confirmedpoint elevations need to be confirmed
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Field Investigations Ongoing WorkField Investigations Ongoing Work

Another round of characterization wells and Another round of characterization wells and piezometerspiezometers to to

be installedbe installed

Additional Additional crossholecrosshole work work

Slug testing Slug testing piezometerspiezometers and new characterization wells and new characterization wells

Firm up Firm up potentiometricpotentiometric surface data with well survey surface data with well survey

Multi-well aquifer pumping testMulti-well aquifer pumping test

Additional Additional flowmeterflowmeter tests tests
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Multi-Scale Data Integration FrameworkMulti-Scale Data Integration Framework
Description:Description:

Methodology to integrate various Methodology to integrate various hydrogeophysicalhydrogeophysical data types that span a data types that span a
wide range of spatial scales (i.e., point, local, wide range of spatial scales (i.e., point, local, subregionalsubregional))

Incorporate large-scale surface geophysical data, intermediate scale cross-Incorporate large-scale surface geophysical data, intermediate scale cross-
hole geophysical data, and small scale borehole/hole geophysical data, and small scale borehole/petrophysicalpetrophysical data into data into
field-scale transport modelfield-scale transport model

Stochastic (Bayesian) methodologyStochastic (Bayesian) methodology

LithofaciesLithofacies-based approach-based approach

““Dual-domainDual-domain”” example example

L=1 (clay)L=1 (clay)

L=0 (sand)L=0 (sand)

Conceptual ModelConceptual Model
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II=1=1 22I=1I=1 33 44

NNII

……

Surface geophysics (e.g., seismic  and resistivity) VSurface geophysics (e.g., seismic  and resistivity) VII and R and RII

Multi-Scale Data Integration FrameworkMulti-Scale Data Integration Framework

Large-Scale Site Characterization DataLarge-Scale Site Characterization Data
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Multi-Scale Data Integration FrameworkMulti-Scale Data Integration Framework

II=1=1 22I=1I=1 33 44 ……

Intermediate-Scale SiteIntermediate-Scale Site
Characterization Data (e.g.,Characterization Data (e.g.,
crossholecrosshole seismic and seismic and
resistivity) Vresistivity) Vii and  and RRii

i = 1,2,i = 1,2,……,N,Nii

NNII
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Multi-Scale Data Integration FrameworkMulti-Scale Data Integration Framework

II=1=1 22I=1I=1 33 44

i = 1,2,i = 1,2,……,N,Nii

NNII

……

Small-Scale SiteSmall-Scale Site
Characterization Data (e.g.,Characterization Data (e.g.,
core data) core data) LLjj

j = 1,2,j = 1,2,……,,NNjj
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NNII

FFII : Lithofacies volume : Lithofacies volume
fraction (between 0 andfraction (between 0 and
1) at each large-scale1) at each large-scale
pixel Ipixel I

i =1,2,i =1,2,……, N, Nii

LLii  : Lithofacies: Lithofacies
type (0 or 1) attype (0 or 1) at
each small-scaleeach small-scale
pixel ipixel i

Multi-Scale Data Integration FrameworkMulti-Scale Data Integration Framework

Unknowns = FUnknowns = FII and L and Lii

2I=1 3 4 …
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Bayesian ApproachBayesian Approach to Estimating the Spatial to Estimating the Spatial
Distribution of FDistribution of FII and L and Lii

Multi-Scale Data Integration FrameworkMulti-Scale Data Integration Framework

Conditioned to borehole and surface dataConditioned to borehole and surface data

Unknown variables FUnknown variables FII and L and Lii are considered random are considered random
variablesvariables

Unknown variables FUnknown variables FII and L and Lii are characterized by joint are characterized by joint
conditional probability density functions (conditional probability density functions (pdfspdfs))

IjjL , Iii
L
,

Iii
V
, I

V

Iii
R
, I

R

I
F

LargeLarge
ScaleScale

SmallSmall
ScaleScaleModel ofModel of

DependenceDependence
AmongAmong
ParametersParameters
and Dataand Data

UnknownsUnknowns
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1. Derive conditional distributions1. Derive conditional distributions

2. MCMC sampling method (Chen et al., 2004)2. MCMC sampling method (Chen et al., 2004)

Efficiently draw samples to obtain marginal Efficiently draw samples to obtain marginal pdfspdfs

Monitor convergenceMonitor convergence

3. Infer unknown parameter distributions at each pixel3. Infer unknown parameter distributions at each pixel
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Multi-Scale Data Integration FrameworkMulti-Scale Data Integration Framework

Procedure:Procedure:



April 9, 2008

Multi-Scale Data Integration FrameworkMulti-Scale Data Integration Framework

Crosshole Crosshole 

DataData

Surface Surface 

DataData

Conductivity (ohmConductivity (ohm --m)m)PP--Wave Velocity (m/s)Wave Velocity (m/s)

FaciesFacies--Specific RelationshipsSpecific Relationships

True Volume FractionTrue Volume Fraction

Estimated Volume Fraction (mean)Estimated Volume Fraction (mean)

Test of the Multi-Scale Data Integration Methodology Using Synthetic DataTest of the Multi-Scale Data Integration Methodology Using Synthetic Data
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Data Integration Ongoing WorkData Integration Ongoing Work

The statistical  model is being developed for site-specificThe statistical  model is being developed for site-specific

conditionsconditions

The relationships between data types and unknowns areThe relationships between data types and unknowns are

not yet known for our sitenot yet known for our site

Synthetic models are being developed assumingSynthetic models are being developed assuming

reasonable relationshipsreasonable relationships

Final formulation will depend on ultimate needs for theFinal formulation will depend on ultimate needs for the

dual-domain model formulationdual-domain model formulation
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Dual-Domain ModelingDual-Domain Modeling

Background:Background:
Porous continuum divided into two interacting domains Porous continuum divided into two interacting domains –– a mobile a mobile
domain where transport is dominated by advection and an immobiledomain where transport is dominated by advection and an immobile
domain where domain where advectiveadvective transport does not occur  transport does not occur –– plus a third non- plus a third non-
participating domainparticipating domain

Hydrodynamic dispersion and mass transfer between zones with highHydrodynamic dispersion and mass transfer between zones with high
hydraulic conductivity contrasts are used to account for heterogeneityhydraulic conductivity contrasts are used to account for heterogeneity
at scales smaller than those explicitly represented within the modelat scales smaller than those explicitly represented within the model
domaindomain

mobile

immobile,

non-equilibrium

immobile, non-participating

Note: the presence of
immobile water does not
imply an immobile, non-
equilibrium classification
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Non-Dimensional FormulationNon-Dimensional Formulation
(no sorption)(no sorption)
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Dual-Domain Model HypothesesDual-Domain Model Hypotheses

Dual-domain parameters are a function of:Dual-domain parameters are a function of:
Permeability fieldPermeability field
Flow fieldFlow field
Mass transfer time scalesMass transfer time scales
Time scale of contaminant exposureTime scale of contaminant exposure

         (and thus not a property of the porous medium)         (and thus not a property of the porous medium)

Optimal parameter settings can be reasonably related to fieldOptimal parameter settings can be reasonably related to field
measurable site attributes:measurable site attributes:

Effective conductivity given flow orientationEffective conductivity given flow orientation
(e.g., flow model calibration, aquifer test)(e.g., flow model calibration, aquifer test)
Summary statistics of K distribution (e.g., harmonicSummary statistics of K distribution (e.g., harmonic
mean)mean)
Correlation length scale of low K features (geologicCorrelation length scale of low K features (geologic
characterization)characterization)
Contaminant exposure timeContaminant exposure time
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Dual-Domain Numerical ExperimentationDual-Domain Numerical Experimentation

2700 non-dimensional 2D simulations to date2700 non-dimensional 2D simulations to date
Attributes varied:Attributes varied:

Discrete versus continuous K distributionDiscrete versus continuous K distribution
FaciesFacies proportion and K contrast (discrete) proportion and K contrast (discrete)
Variance (continuous)Variance (continuous)
Connectedness of high K (suppressed, neutral, enhanced)Connectedness of high K (suppressed, neutral, enhanced)
AnisotropyAnisotropy
Flow orientation with respect to anisotropyFlow orientation with respect to anisotropy
Low K spatial correlation lengthLow K spatial correlation length
PecletPeclet number (effective diffusion coefficient) number (effective diffusion coefficient)
Contaminant exposure (injection) timeContaminant exposure (injection) time

a b

Example: ConnectivityExample: Connectivity
of high-K (blue) of high-K (blue) faciesfacies
at 25% proportion: a)at 25% proportion: a)
neutral, b) enhancedneutral, b) enhanced



April 9, 2008

Dual-Domain Modeling Selected FindingsDual-Domain Modeling Selected Findings

Low immobile and non-participating porosity when:Low immobile and non-participating porosity when:
Low K contrast (discrete) or variance (continuous)Low K contrast (discrete) or variance (continuous)
Small-scale spatial correlationSmall-scale spatial correlation
Low connectivity of high K (flow cannot bypass low K)Low connectivity of high K (flow cannot bypass low K)
Flow perpendicular to strata (flow cannot bypass low K)Flow perpendicular to strata (flow cannot bypass low K)

Mass transfer time scale primarily related to the mean soluteMass transfer time scale primarily related to the mean solute
residence time (tresidence time (t ), and mildly to contaminant exposure time), and mildly to contaminant exposure time
or experiment durationor experiment duration

DaDa  close to, but less than, 1 close to, but less than, 1

Dispersion follows conventional rule of thumbDispersion follows conventional rule of thumb
((dispersivitydispersivity = 10% of travel length) using mobile domain = 10% of travel length) using mobile domain
velocityvelocity

PePe = 10 = 10
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Quantitatively relate optimal dual-domain parameter settingsQuantitatively relate optimal dual-domain parameter settings
to practical system measures:to practical system measures:

Preliminary correlations are promising, butPreliminary correlations are promising, but

Additional interpretation is neededAdditional interpretation is needed

Validate dual-domain modeling methodology at SRS P-AreaValidate dual-domain modeling methodology at SRS P-Area
field site:field site:

Use geophysical information to select optimumUse geophysical information to select optimum
parametersparameters

Compare dual-domain transport to TCE plumeCompare dual-domain transport to TCE plume

Dual-Domain Modeling Ongoing WorkDual-Domain Modeling Ongoing Work
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Results DisseminationResults Dissemination
Cameron A. E., C. Knapp, A. Addison, and M.G. Waddell, (2007), DelineationCameron A. E., C. Knapp, A. Addison, and M.G. Waddell, (2007), Delineation
of Shallow of Shallow HydrostratigraphyHydrostratigraphy using Ground Penetrating Radar and Electrical using Ground Penetrating Radar and Electrical
Resistivity Methods at the P Reactor Area, Savannah River Site, South Carolina,Resistivity Methods at the P Reactor Area, Savannah River Site, South Carolina,
Geological Society of America Southeastern Section Annual Conference,Geological Society of America Southeastern Section Annual Conference, Abstract with Abstract with
Programs, Vol. 39, No. 2.Programs, Vol. 39, No. 2.

Cameron, A., C. Knapp, A. Addison, M.G. Waddell, (2006), Applications ofCameron, A., C. Knapp, A. Addison, M.G. Waddell, (2006), Applications of
Ground Penetrating Radar for Ground Penetrating Radar for hydrogeologichydrogeologic characterization at the P Reactor characterization at the P Reactor
Area, Savannah River Site, South Carolina, Area, Savannah River Site, South Carolina, Eos Trans. AGU, 87(52)Eos Trans. AGU, 87(52), Fall Mtg.,, Fall Mtg.,
Suppl., Abstract H31B-1411.Suppl., Abstract H31B-1411.

FlachFlach, G.P, et al., (2008), (Title to be determined , G.P, et al., (2008), (Title to be determined –– Topic: Dual-domain Topic: Dual-domain
Numerical Experimentation Using Synthetic Heterogeneity), Numerical Experimentation Using Synthetic Heterogeneity), Water ResourcesWater Resources
ResearchResearch (in preparation). (in preparation).

Kowalsky, M., S. Hubbard, J. Chen, J. Peterson and G.P. Kowalsky, M., S. Hubbard, J. Chen, J. Peterson and G.P. FlachFlach, (2007),, (2007),
MultiscaleMultiscale  HydrogeophysicalHydrogeophysical Data Integration for Parameterization of Data Integration for Parameterization of
Transport Model at Savannah River Site, Transport Model at Savannah River Site, Eos Trans. AGU, 88(52)Eos Trans. AGU, 88(52), Fall Mtg., Fall Mtg.
Suppl., Abstract H14C-01 INVITED.Suppl., Abstract H14C-01 INVITED.

Waddell, M.G., A. Waddell, M.G., A. Addison,DAddison,D. Brantley, and J.M. Shafer (2008), Using Pseudo. Brantley, and J.M. Shafer (2008), Using Pseudo
3D P-wave Seismic Reflection Data in Developing a More Robust Geologic3D P-wave Seismic Reflection Data in Developing a More Robust Geologic
Conceptual Model in Site Characterization: An Example from P-Area, SavannahConceptual Model in Site Characterization: An Example from P-Area, Savannah
River Site, SC, River Site, SC, AAPGAAPG Annual Mtg. (Abstract), San Antonio, TX, April 2008. Annual Mtg. (Abstract), San Antonio, TX, April 2008.
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The EndThe End
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